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a b s t r a c t 
High-purity Y-doped V-4Cr-4Ti alloys (0.1–0.2 wt. % Y), manufactured by the National Institute for Fu- 
sion Science (NIFS), were used for this study. Heavy-ion and ﬁssion-neutron irradiation was carried out 
at temperatures 673–873 K. During the ion irradiation at 873 K, the microstructure was controlled by the 
formation of Ti(C,O,N) precipitates lying on the (100) plane. Y addition effectively suppressed the growth 
of Ti(C,O,N) precipitates, especially at lower dose irradiation to up to 4 dpa. However, at higher dose lev- 
els (12.0 dpa), the number density was almost at the same levels irrespective of the presence of Y. After 
neutron irradiation at 873 K, ﬁne titanium oxides were also observed in all V alloys. However, smaller 
oxide sizes were observed in the Y-doped samples under the same irradiation conditions. The detailed 
analysis of EDS showed that the center of the Ti(C,O,N) precipitates was mainly enriched by nitrogen. 
The results showed that the contribution of not only oxygen atoms picked up from the irradiation envi- 
ronment but also nitrogen atoms is essential to understand the microstructural evolution of V-4Cr-4Ti-Y 
alloys. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 






































Low-activation V-4Cr-4Ti alloys have an attractive potential ap-
lication as fusion reactor materials. However, the interstitial im-
urities of carbon, oxygen, and nitrogen (C,O,N) of a V-4Cr-4Ti alloy
lay an important role in radiation effects such as microstructural
hanges, irradiation hardening, and embitterment [1-5] . In particu-
ar, oxygen is known to inﬂuence these alloy properties effectively.
he alloy is, however, considered to be used as a fusion blanket
tructural material that faces a vacuum and helium gas, which may
ontain a low partial oxygen pressure. The ion irradiation experi-
ents by the authors on V-4Cr-4Ti alloys at 473–973 K revealed
hat oxygen pick-up from irradiation environments (namely, vac-
um) is very minor, up to the levels of 1.0 dpa [6,7] . However, at
igher dose levels, the effects might cause degradation of mechani-
al properties because of the enhanced formation of titanium oxide
recipitates during irradiation [8,9] . To understand the radiation-
nduced phenomena related to oxygen, such as oxide formation in
he matrix, the oxygen level in the vanadium alloy as well as oxy-∗ Corresponding author. 
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ecently, Hatakeyama et al . [10,11] revealed that the chemical com-
osition of Ti(C,O,N) precipitates formation in a He environment
as estimated at about V 39 CrTiCO 3 at 333 K and 673 K irradiation
n the Belgian Reactor 2 (BR2) and Japan Materials Testing Reac-
or (JMTR), respectively. The authors [12] showed that in the laser
elded V-4Cr-4Ti-0.15Y alloy, manufactured by the National Insti-
ute for Fusion Science (NIFS), formation and growth of Ti(C,O,N)
recipitates were controlled by Y-addition during ion irradiation. In
he case of ion irradiation, oxygen pick-up from a vacuum environ-
ent is negligible, especially at higher dose levels. In this study,
herefore, to understand the scavenging effect of Y atoms, V-4Cr-
Ti alloys with different Y levels were irradiated under different
nvironment conditions, namely, vacuum (ion irradiation) and He
neutron irradiation) at higher temperatures, where the formation
f Ti(C,O,N) precipitates is prominent. 
. Experimental procedure 
High-purity V-4Cr-4Ti alloy (NIFS Heat 2) and Y-doped V-4Cr-
Ti alloys with two different Y levels, i.e., V-4Cr-4Ti-0.1Y and
-4Cr-4Ti-0.2Y, were used. The oxygen and nitrogen concentra-
ion obtained by chemical analysis in NIFS HEAT 2 were 129 andnder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Table 1 
Impurity levels (ppm) of the samples used in 
the present study. 
(ppm) C O N H 
NIFS-HEAT2 51 139 123 29 
V-4Cr-4Ti-0.1Y 77 108 124 10 




















































Fig. 1. Ion irradiation dose dependence of the microstructure of NIFS-HEAT 2, V- 
4Cr-4Ti-0.1Y, and V-4Cr-4Ti-0.2Y alloys irradiated at 873 K. To show the disloca- 
tion loop formation in V-4Cr-4Ti-0.1Y and V-4Cr-4Ti-0.2Y alloys, the dark ﬁeld mi- 
crostructural images are inserted in the left corner of the photos. The estimated 
oxygen content measured from radiation-induced Ti(C,O,N) precipitates is also in- 
serted in the photos. The oxygen content before irradiation was obtained from 
chemical analysis. 
Fig. 2. Ion dose dependence of the measured number density and size of Ti(C,O,N) 
precipitates formed at 873 K. 139 wppm, respectively. On the other hand, the oxygen concentra-
tions of the V-4Cr-4Ti-0.1Y and V-4Cr-4Ti-0.2Y alloys were 108 and
92 wppm, respectively. Impurity levels obtained by the chemical
analysis are summarized in Table 1 . Details of specimen prepara-
tion have been previously described [13] . Disk specimens (diam-
eter; 3 mm) for microscopy were wrapped with pure zirconium
as a getter of oxygen and solution treated (annealed) for 2 h at
1273 K in a vacuum ( ∼5.0 ×10 −5 Pa). Neutron irradiation in a high-
purity He atmosphere was conducted in JMTR in a 03M-69U ir-
radiation capsule at 673 K and 873 K. The neutron ﬂuence was
5.18 ×10 24 /m 2 (E > 1.0 MeV), which corresponds to 0.45 dpa for V
alloys. In addition, 2.4 MeV copper ion irradiation in a vacuum con-
dition ( ∼5.0 × 10 −5 Pa) was carried out using a tandem acceler-
ator at the Kyushu University. After the ion irradiation, the disk
specimens were electro-polished using a back-thinning method,
and the area near the peak damage region (at ∼700 nm) was ob-
served by TEM. The damage rate and the implanted copper in this
region were 1.7 × 10 −4 dpa/s and 10 −2 at.% (at 1.0 dpa), respec-
tively. In this study, the microstructure was observed by a con-
ventional electron microscope (JEOL 20 0 0EX), and Ti(C,O,N) pre-
cipitates formed in the ﬁssion-neutron irradiated samples were
analyzed by a spherical aberration (Cs)-corrected high-resolution
analytical electron microscope (JEOL ARM 200FC) located in a ra-
diation controlled area at the Kyushu University. To observe the
Ti(C,O,N) precipitates formed due to irradiation, microcopy was
conducted in the 〈 100 〉 direction. The microscope was operated
at 200 keV and equipped with an energy dispersive spectrometer
(EDS). Radiation-induced hardness by neutron and ion irradiation
was measured by the Vickers hardness test and nano-indentation
technique, respectively. The details of hardness measurement have
been described in our previous papers [6,9,14] . 
3. Results and discussions 
3.1. Microstructure of ion irradiated samples 
Fig. 1 shows the irradiation dose (dose) dependence of the mi-
crostructure of the samples irradiated at 873 K. This ﬁgure also
shows the microstructure of the unirradiated samples. Fine tita-
nium oxides were observed at a dose of 0.75 dpa in all samples.
These precipitates were identiﬁed to be Ti(C,O,N) precipitates on
the (100) plane [9] . The dose dependence of the measured num-
ber density and size of Ti(C,O,N) are shown in Fig. 2 . In Fig. 1 ,
the measured oxygen concentration (before irradiation) and es-
timated concentration (after irradiation) from the obtained pre-
cipitates density and size are also shown. We believe that the
irradiation-induced precipitates observed in this study have the fcc
structure of VC (NaCl-type crystal structure), which is modiﬁed in
elemental composition owing to radiation-induced segregation, i.e.,
O and N atoms replacing C atoms and Ti atoms replacing some V
atoms in the V-4Cr-4Ti alloy. Hence, in this estimation, Ti(C,O,N)
precipitates are assumed to be TiO. At 4.0 dpa, the number den-
sity of these Ti(C,O,N) precipitates formed in Y-doped samples is
about one order higher than that of NIFS HEAT 2, but the growth of
the precipitates was suppressed by Y addition. In NIFS HEAT 2, the
number density of Ti(C,O,N) precipitates was decreased with an in-
creasing dose up to 4.0 dpa. Beyond 4.0 dpa, the density increasedPlease cite this article as: H. Watanabe et al., Microstructural changes of Y-doped V-4Cr-4Ti alloys after ion and neutron irradiation, 
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.06.001 
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Table 2 
Measured averaged density and size of Ti(CON) irradiated at 673 K and 873 K in JMTR (03M-69 U). 
Radiation-induced hardness ( Hv) is also summarized. The neutron ﬂuence is 5.18 ×10 24 /m 2 (E > 1.0 MeV), 
which corresponds to 0.45 dpa for V alloys. 
NIFS-HEAT2 V-4Cr-4Ti-0.1Y V-4Cr-4Ti-0.2Y 
673 K Average size (nm) 31.6 ± 9.4 17.6 ± 5.0 20.6 ± 5.4 
Total density (/m 3 ) 2.2 ( ±0.3) × 1021 4.6 ( ±0.6) × 1021 3.8 ( ±0.5) × 1021 
Hv 35.1 ± 2.1 42.8 ± 4.1 49.0 ± 3.3 
873 K Average size (nm) 51.1 ± 10.2 24.7 ± 7.0 31.3 ± 6.8 
Total density (/m 3 ) 1.4 ( ±0.2) × 1021 1.3 ( ±0.2) × 1021 4.8 ( ±0.6) × 1020 
Hv 38.7 ± 4.6 18.9 ± 3.2 23.2 ± 3.0 
Fig. 3. Microstructure of NIFS-HEAT 2, V-4Cr-4Ti-0.1Y, and V-4Cr-4Ti-0.2Y al- 
loys irradiated at 673 K and 873 K in JMTR (03M-69U). The neutron ﬂuence is 

























Fig. 4. Measured size and density of Ti(CON) precipitates in the V-4Cr-4Ti alloy as 


























T  ith dose and well-grown Ti(C,O,N) precipitates were observed at
igher dose levels above 7.5 dpa. On the other hand, in the Y-doped
 alloys, the number density of precipitates decreased with in-
reasing dose. In addition, above 4.0 dpa dose, the size of precip-
tates increased. At 12.0 dpa, almost the same density of Ti(C,O,N)
recipitates was observed in all samples. However, Ti(C,O.N) pre-
ipitates formed in the Y-doped V alloys were smaller than those
n NIFS HEAT 2 even at 12.0 dpa. The estimated oxygen levels in
ll samples from the microstructure increased with dose and at
2.0 dpa, they were about 20 times higher than that prior to irradi-
tion. These results mean that the effect of Y addition in V alloys is
mportant to suppress the growth of the Ti(C,O,N) precipitates but
t higher dose levels, Y addition cannot control the oxygen pick-up
rom a vacuum environment. 
.2. Microstructure and hardness changes of neutron irradiated 
amples 
Fig. 3 shows the microstructure of NIFS HEAT2 and Y-doped V
lloys irradiated at 673 K and 873 K during neutron irradiation at
he JMTR. Estimated oxygen levels from the measured density and
ize of Ti(C,O,N) precipitates and results of the Vickers hardness
est of the alloys are also shown in the ﬁgure. The average size
nd number density of Ti(C,O,N) precipitates and radiation-induced
ardening are summarized in Table 2 . Fig. 4 shows the measured
ensity and size of Ti(C,O,N) precipitates at the same irradiationPlease cite this article as: H. Watanabe et al., Microstructural change
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20ondition. In the case of neutron irradiation, irradiation dose (dpa
evel) is relatively low in comparison with that in ion irradiation.
hese results show that the Y addition to V alloys is also effective
o suppress the growth of Ti(C,O,N) precipitates in the case of neu-
ron irradiation. The radiation-induced hardness was suppressed
t 873 K, where the formation of Ti(C,O,N) precipitates was sup-
ressed. On the other hand, at 673 K, the radiation-induced hard-
ess increased with Y addition. These results indicate that dislo-
ation loops formed at 673 K also play an important role in in-
reasing hardness. However, a higher dose of neutron irradiation
s needed to conﬁrm the effect of Y addition on V-4Cr-4Ti alloys. 
EDS elemental distribution maps for the different elements are
hown in Figs. 5 (b) to (f) for C, O, N, Ti, and Y, respectively. In
he ﬁgure, an STEM-bright ﬁeld image ( Fig. 5 (a)) is also shown
or comparison. The center part of the precipitates was mainly en-
iched in Ti and N atoms. C and O atoms were strongly segregated
round the precipitates. Shikama et al . [15] showed that the chem-
cal aﬃnity for N is more attractive than O for Ti atoms. However,
n previous studies [11,12] using the 3DAPT technique, the persis-
ence of N could not be conﬁrmed. In this study, Ti(C,O,N) precipi-
ates were assumed to be TiO for the estimation of O concentration
n the samples. However, the EDS analysis obtained in this study
hows the enrichment of N and Ti atoms. Moreover, it is already
nown that Y atoms have larger oxygen aﬃnity than Ti atoms.
evertheless, as shown in the Fig. 5 , the enrichment of Y atoms on
i(C,O,N) precipitates was weak. Further investigations are neededs of Y-doped V-4Cr-4Ti alloys after ion and neutron irradiation, 
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Fig. 5. Elemental EDS mapping images of Ti(C,O,N) precipitate formed in V-4Cr-4Ti- 














































 to discover the detailed mechanisms of the formation of Ti(C,O,N)
precipitates in Y-doped V-4Cr-4Ti alloys during irradiation. 
4. Summary 
To investigate the effects of Y addition to low-activation V al-
loys, copper-ion and ﬁssion-neutron irradiation was carried out on
V-4Cr-4Ti-0.1Y and V-4Cr-4Ti-0.2Y alloys. The obtained microstruc-
ture and hardness changes of these alloys were compared with
those of NIFS HEAT 2 irradiated at the same conditions. The main
results are summarized as follows. 
(1) During the ion irradiation at 873 K, the microstructure is
controlled by the formation of Ti(C,O,N) precipitates on the
(100) plane. At 0.75 dpa, ﬁne precipitates formed with or
without Ti addition, but the number density of precipi-
tates of Y-doped alloys were higher in comparison with NIFS
HEAT2. 
(2) Y addition is very effective to suppress the growth of
Ti(C,O,N) precipitates, especially at lower dose irradiation to
up to 4 dpa. However, at higher dose levels (12.0 dpa), the
number density is almost at the same levels irrespective of
the presence of Y. This means that the contribution of oxy-
gen atoms from the irradiation environment is essential atPlease cite this article as: H. Watanabe et al., Microstructural change
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20a higher dose level. Further studies on oxygen pick-up and
oxidation kinetic during irradiation are required. 
(3) Neutron irradiation at 673–873 K also shows that the forma-
tion of precipitates, and Y addition on a V-4Cr-4Ti alloy was
also very effective to suppress the growth of Ti(CON) pre-
cipitates. The detailed analysis of EDS shows that the cen-
ter of the precipitates was enriched in N. The contribution
of O atoms, which were picked up from the irradiation en-
vironment as well as of N atoms is essential to understand
the microstructural evolution of NIFS HEAT 2 and V-4Cr-4Ti-
Y alloys. 
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